Introduction
The pleiotropic functions of vitamin A and its active derivatives, retinoids, are mediated in a spatiotemporally-specific manner during embryonic development by retinoid receptors (RARs and RXRs), which are ligand activated transcriptional regulators (Bastien and Rochette-Egly, 2004) . Retinoic acid signaling is involved in various developmental processes including antero-posterior neural patterning and somitogenesis (Blumberg et al., 1997; Shiotsugu et al., 2004; Maden et al., 1996 Maden et al., , 2000 Sakai et al., 2001; Moreno and Kintner, 2004) . RA signaling is also necessary for nephrogenesis. RARs-mutated mouse exhibited reduction of nephrons and ureteric bud branches (Mendelsohn et al., 1994) . Treatment of both RA and activin could induce pronephros from naive ectodermal tissues (Ariizumi and Asashima, 2001; Moriya et al., 1993) .
In line with this, RA signaling is required during gastrulation for expression of Xlim1 and XPax8 in pronephric precursors (Cartry et al., 2006) . While the functions of pronephric components-specific genes have been characterized, how the principal molecular signaling responsible for pronephros formation modulate nephrogenic genes to specify pronephric mesoderm and determine its fate remains poorly understood.
Vertebrates use a successfully-developed kidney to filtrate fluid, absorb or excrete solutes, and maintain homeostasis of blood plasma and intracellular fluids during embryonic and adult life. Development of a functional kidney is accomplished through the serial, temporal, and spatial induction of pronephric, mesonephric and metanephric kidneys from intermediate mesoderm (Sax en, 1987; Vize et al., 1997) . Each type of kidney has a similar functional organization, which differs mostly in the spatial organization and the numbers and types of 0925-4773/$ -see front matter Ó 2009 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2009.11.001 nephron, the basic functional unit (Vize et al., 1995) . They have distinct functions at different stages of development depending on the age and needs of the organism. The pronephros is a paired functional organ composed of a single, non-integrated nephron which exists in a lateral position in the amphibian embryo (Brandli, 1999; Vize et al., 1995) . It is not only the first form to function as an embryonic kidney but also a prerequisite to development of the mesonephros in adults. Despite differences in anatomy, analysis of molecular mechanisms of kidney development suggests that similar developmental processes are necessary for the serial induction of the kidneys and the functions of relevant genes are conserved.
The pronephros is composed of three distinct components, i.e. pronephric tubules, duct and glomus. The pronephric tubules collect waste filtered by the glomus into the coelom and the pronephric duct carries waste to the exterior via the cloaca. These organs are differentiated from intermediate mesoderm of the lateral region. The pronephric tubules and duct arise from the somatic layer of intermediate mesoderm and the pronephric glomus originates from the splanchnic lateral plate mesoderm on the other side of the coelom. The pronephric glomus is equivalent to the glomerulus of higher vertebrates (Vize et al., 1997) .
Xenopus lim1 (Taira et al., 1994) , Pax2 (Heller and Brandli, 1997) , and Pax8 (Heller and Brandli, 1999) , which are expressed in the pronephric tubules and duct, play important roles in pronephros development. XPax8 and Xlim1 are expressed in pronephric mesoderm at late gastrula and synergistically responsible for pronephric tubulogenesis (Carroll and Vize, 1999) . Xenopus SMP30 (Senescence Marker Protein 30) and Wnt4 are expressed only in proximal segments of pronephric tubules and in the pronephric anlage, nephrostomes, and proximal pronephric tubules (Sato et al., 2000; Saulnier et al., 2002) , respectively. Wnt4 is critically required for tubulogenesis in the pronephric kidney. Osr genes (oddskipped gene homologue in vertebrates) of zebrafish and Xenopus have been reported as another pivotal gene expressed in the presumptive pronephric region and tubules. Overexpression of them promoted formation of ectopic kidney (Tena et al., 2007) . Although functions of various nephrogenic genes expressed in the pronephric regions in a temporally and spatially-controlled manner has been being revealed, the functional analysis of unknown factors involved in each sequential step of nephrogenesis remain to be elucidated.
In this study, we identified a novel gene named XPteg (Xenopus proximal tubules-expressed gene), which is expressed in prospective pronephric mesoderm and proximal tubules during Xenopus embryogenesis and showed that it is important for pronephros formation. Furthermore, XPteg functions as a direct target of RAR signaling to regulate pronephric mesoderm specification and tubulogenesis.
Results

Identification and expression patterns of XPteg
In an attempt to identify genes critical for Xenopus early development using an ordered differential display polymerase chain reaction (ODD-PCR) (Matz et al., 1997) together with large-scale whole mount in situ hybridization, we obtained a partial cDNA fragment that is exclusively expressed in the pronephric region of a developing embryo. Library screening using the partial fragment as a probe gave us two clones, which are about 1.4 kb and 1.9 kb in size, respectively, and have the same open reading frame (ORF) encoding 122 amino acids but differ in their 5 0 -and 3 0 -untranslated (UTR) regions.
Here, we report one of them, which is 1860 nucleotides in length (Accession No. AY216664). BLAST search revealed that it shares 55.3% nucleotide homology and 32% amino acid identity with a human 17 kDa membrane-associated protein (MAP17) (Accession No. NM_005764). MAP17, a small membrane protein expressed only in the kidney, was initially identified by differential display because of its abundant expression in several carcinomas (Kocher et al., 1995 (Kocher et al., , 1996 . MAP has a C-terminal PDZ-binding motif of Serine-Threonine-Proline-Methionine (STPM) that interacts with PDZK1 (also designated as diphor1/NaPiCap1/CLAMP/CAP70) (Custer et al., 1997; Kocher et al., 1996) . Our gene contains a SerineThreonine-Alanine-Methionine (STAM) motif instead of STPM (Fig. S1A ). Given its unique PDZ-binding motif and low identity with MAP17, our gene seems to encode a MAP17-like protein and was designated as Xenopus proximal tubules-expressed gene (XPteg) based on its exclusive expression in the pronephric proximal tubules as shown below.
RT-PCR and in situ hybridization were performed to determine the spatiotemporal expression pattern of XPteg. XPteg is a zygotic gene as analyzed by RT-PCR, which was first detectable at the late gastrula stages and persisted throughout embryogenesis, with the highest expression from stage 30-35 (Fig. 1A) . Spatially, XPteg transcripts were observed in the dorsolateral mesoderm, which contains the pronephric precursors at the late gastrula stage (Fig. 1B-a) (Brennan et al., 1998 (Brennan et al., , 1999 Pasteels, 1942) . In the neurulae, XPteg was expressed in the lateral mesoderm including pronephric anlage, showing a round patch ventral to the prospective anterior somites (Fig. 1B-b and c ). This expression profile is similar to that of Pax8, Lim1 (Carroll and Vize, 1999) and Osr2 (Tena et al., 2007) . After neurulation, XPteg expression was observed in the intermediate mesoderm (Fig. 1B-d and e), eye placode, and blood islands (Fig. 1B-f and g ). During onset of nephrogenesis, pronephric cellular differentiation, maturation, differentiation, and acquisition of full excretory function (Brandli, 1999; Vize et al., 1997) , XPteg became highly restricted to the pronephric tubules (Fig. 1B-h to p) . According to the newly well-organized segmental character of the pronephric nephron (Raciti et al., 2008; Reggiani et al., 2007) , XPteg-expressing pronephric tubules include the proximal compartments that are the regions of proximal tubule (PT) 1, 2, and 3 (Fig. 1B-k to n) . In addition, transverse and sagittal section in situ hybridization of stage 38 embryos confirmed that XPteg was only localized to the pronephric proximal tubules and not to the connecting tubules, formerly known as the pronephric duct (Reggiani et al., 2007) , or the glomus (Fig. 1B-o and p) . Taken together, the expression of XPteg in pronephric precursors, pronephric tubule anlage and pronephric proximal tubules suggest its possible roles in the early specification of pronephric mesoderm and pronephric tubulogenesis.
2.2.
XPteg is indispensable for formation of pronephros
Anti-sense morpholino oligonucleotide (MO)-mediated knockdown of XPteg was performed to investigate its biological function in pronephros development (Fig. 2) . Although seven ESTs, which correspond to the pseudoalleles of XPteg, were found in the database (Fig. 2B) , all of them except one allele have identical sequences to be targeted by XPteg MO. Thus, we are able to exclude the possibility of partial depletion of XPteg due to redundancy of its alleles. XPteg MO could inhibit strongly the expression of myc-tagged XPteg (UTR + ORF) with MO target sequence but not that of myctagged XPteg ORF lacking the target sequence ( Fig. 2A and C) .
To examine the effects of XPteg depletion on nephrogenesis, XPteg MO was injected at the 8-cell stage into the presumptive pronephric region and the resulting embryonic phenotypes were characterized by histological analysis. Injection of XPteg MO (>20 ng) caused absence of lateral structures of embryo, leading to bended phenotypes in a dose-dependent manner (data not shown). However, XPteg-depleted embryos by moderate level of MO (10 ng) showed defects in kidney structure compared to the uninjected control side of the same embryo and Co MO-injected embryo, whereas neural tissues were not affected ( Fig. 2D and E, 35.5%, N = 22/62, a white arrowhead). These defects could be rescued by coinjection of XPteg RNA that is resistant to MO effects ( Fig. 2D and E, 82.6%, N = 38/46, black arrowheads), suggesting the specific function of XPteg in kidney formation.
Thus, we next analyzed the expression of pronephric markers in XPteg-depleted embryos. Targeted injection of XPteg MO (10 ng) in the presumptive pronephric region reduced the expression of the pronephric markers Lim1 (Fig. 3 , normality of embryos: 33%, N = 9/27), Pax2 (16%, N = 3/19), SMP30 (28%, N = 5/18) and Pax8 (30%, N = 6/20), but not that of Nephrin, a glomus marker (75%, N = 15/20). Interestingly, this inhibitory effect of MO was confined to the proximal tubules (white arrowheads in Fig. 3 ) as evidenced by no impairment in expression of Lim1 and Pax2 in the distal and connecting tubules (or pronephric duct, arrows). Furthermore, their expression in neural tissues such as brain and optic vesicle was not affected on the injected side. This malformation of pronephric tubules was restored by coinjection of XPteg RNA ( somatic mesodermal structures, which were verified by reduced expression of Myf5 and MyoD (data not shown). In contrast, a lower dose of XPteg MO (10 ng) had a marginal effect on the anterior expression of MyoD, a marker of somatic mesoderm which is responsible for the induction of the pronephros (Fig. 3 , MyoD: 48%, N = 10/21). At the same dose, XPteg MO disrupted the early expression of Pax8 only in the tubule cell mass of tailbud stage embryos (Fig. 3, Pax8: 40%, N = 8/20) . Thus, we concluded that XPteg is critical for tubulogenesis in pronephric development.
We further examined the effects of gain-of-function of XPteg on the formation of pronephric tubules. As shown in Fig. 4A and B, overexpression of XPteg increased the expression of SMP30 and Pax2 in a concentration-dependent manner and enhanced early expression of Lim1 and Pax8 (SMP30: 22%, N = 7/32; Pax2: 19%, N = 5/27; Lim1: 48%, N = 11/ 23; Pax8: 43%, N = 12/28). These stimulatory effects of XPteg on pronephric markers were also limited to proximal tubules, which is consistent with the phenotypes caused by XPteg knockdown. Moreover, overexpression and depletion of XPteg could not alter the expression of Gremlin, a marker for the distal and connecting tubules (Fig. 4C) , suggesting that XPteg might induce directly proximal cell fates rather than re-specify the distal into the proximal fates.
Next, we tested whether the PDZ-binding motif (STAM) of XPteg is relevant to its enhancement of pronephric marker expression. For this purpose, a STAM motif-deleted construct (XPtegDSTAM) was generated and injected into the presumptive pronephric region of embryo. Targeted injection of XPtegDSTAM RNA into the pronephric field significantly abrogated expression of SMP30 and Pax2, which was confined to the pronephric tubules (Fig. 5 , normality of embryos, SMP30: 50%, N = 9/18; Pax2: 54%, N = 13/24). Consistently, this mutant did not affect the expression of Nephrin, a glomus marker (100%, N = 24). Coexpression of wild-type XPteg RNA could restore expression of those markers in embryos injected with XPtegDSTAM (SMP30: 92%, N = 24/26; Pax2: 91%, N = 20/22). Unlike XPteg MO, high dose of this mutant did not cause disrupted lateral mesoderm leading to curvature of body axis or marginal changes in MyoD expression in the anterior somite. Thus, these data indicate that the inducible effects of XPteg on pronephric maker expression are dependent on its STAM PDZ-binding motif.
To further verify the effects of XPteg on pronephric tubule formation, we also conducted an in vitro kidney induction assay. Treatment of activin and RA could induce ectopically expression of Lim1, Pax8, Pax2, Nephrin, SMP30 and Gremlin in ectodermal cells ( Fig. 4D and E, lane 5). Overexpression of XPteg could further increase the expression of proximal tubule-related markers including Lim1, Pax2, Pax8 and SMP30 but not that of Nephrin and Gremlin which are pronephric glomus or distal and connecting tubule-specific markers, respectively ( Fig. 4D and E, lanes 5 and 6) . XPteg did not change significantly somatic mesodermal cell fates as demonstrated by no alteration in MyoD expression (Fig. 4D) . Taken together, these data suggest that XPteg functions to specify pronephric mesoderm into pronephric tubule-specific cells. The physiological effect of XPteg on induction of pronephric tubule fate and its early expression at onset of pronephric mesoderm specification had led us to reason that XPteg could potentiate non-fated cells to acquire the fate of pronephric mesoderm.
XPteg acts upstream of Pax8 or Lim1 in inducing pronephric mesoderm
While treatment of both activin protein and RA can convert naïve ectodermal cells into pronephric tubules as estab- Fig. 3 -Effects of XPteg knockdown on pronephric mesoderm formation. Depletion of XPteg inhibits the expression of Lim1, Pax2, SMP30 and Pax8 that are related to pronephric tubules but not that of Nephrin and MyoD, a pronephric glomus and somatic mesoderm marker, respectively. These effects of MO were limited to the proximal tubules (white arrowheads) and rescued by coexpression of XPteg RNA. Eight-cell stage embryos were injected with b-galactosidase RNA as a lineage tracer along with MO (10 ng) and/or RNA into the presumptive pronephros region and later, stained with Red-Gal and subjected to in situ hybridization. One representative data are shown from three independent experiments. lished well, each of them alone could not (Fig. 4D and Moriya et al., 1993; Osafune et al., 2002; Taira et al., 1992) . Importantly, we found that injection of activin RNA was more effective than treatment of activin protein to induce pronephric mesoderm in ectodermal tissues (Fig. 6A) . Coexpression of Lim1, Pax8 or XPteg could also induce more expression of pronephric markers such as SMP30 and Pax2 in response to activin RNA (Figs. 6A and S2 ). Of note, XPteg induced pronephric mesoderm more strongly than Lim1 and Pax8 (Figs. 6A and S2, lane7) . Moreover, XPteg could increase further ectopic expression of Lim1 and Pax8 in ectodermal tissues from activin-injected embryos, but not vice versa. This result was also supported by SMP30 expression as analyzed by in situ hybridization of activin protein-treated embryos (Fig. 6B) . Overexpression of Lim1, Pax8, or XPteg could induce more expression of SMP30 and change just elongated ectoderms to a round shape showing fine tubule structures. Thus, we next checked whether Lim1 and/or Pax8 function downstream of XPteg in formation of pronephric tubules (Fig. 6C , white arrowheads). As shown above, depletion of XPteg reduced strongly the expression of SMP30 and Pax2 in proximal tubules (normality of embryos, SMP30: 40%, N = 13/32; Pax2: 45%, N = 13/29). These defective expression of those markers were rescued by coexpression of Lim1 (SMP30: 67%, N = 24/ 36; Pax2: 70%, N = 24/34) or Pax8 (SMP30: 65%, N = 26/40; Pax2: 68%, N = 26/38). Thus, we concluded that XPteg regulates pronephric tubule formation upstream of Lim1 and Pax8.
2.4.
XPteg is a direct target gene of RA signaling RA signaling has been shown to be responsible for the early expression of Lim1 and Pax8 in late gastrulae (Cartry et al., 2006) . Given that XPteg is able to increase further their expression in response to activin ( Fig. 6A and B) , it is possible that XPteg is one of the earliest target genes induced by RA signaling for pronephros formation. To test this possibility, embryos were treated with RA (10 lM) at the late gastrula stages and analyzed for XPteg and Lim1 expression. As a positive control, Lim1 was strongly increased in embryos exposed to exogenous RA for 2 h as shown by (Cartry et al., 2006) (Fig. 7H and H 0 ). Ectopic tubule tips were also observed later ( Fig. 7H 00 , red dots). Expression of XPteg was also augmented in the broader region of pronephric fields than controls at the neurula stages (Fig. 7C) . Intriguingly, XPtegpositive ectopic proximal tubules were observed in RA-treated tadpole stage embryos (Fig. 7C 0 , white arrowheads).
We also tested whether XPteg is induced by RA signaling directly or indirectly. Notably, RA could significantly enhance the expression of XPteg even in the presence of cycloheximide (CHX), a protein synthesis inhibitor like Lim1 (Fig. 7E, 
XPteg functions downstream of RAR signaling in the pronephros development
The finding that expression of XPteg could be induced by retinoic acid prompted us to investigate whether XPteg acts downstream of retinoic acid receptor (RAR) signaling in pronephros formation. As shown in Fig. 8A , injection of a dominant negative form of RARa (dn RARa), which is the only RAR subfamily expressed in the presumptive pronephric field (Cartry et al., 2006) , significantly reduced expression of pronephric tubule markers, SMP30 (normal expression: 15%, N = 6/41) and Pax2 (5%, N = 2/38) (Fig. 8A) . As expected, these defects were rescued in embryos coexpressing XPteg RNA (SMP30: 50%, N = 14/28; Pax2: 70%, N = 23/33). Three distinct proximal segments of pronephric tubules and tubule tips containing proximal tubules were observed even in recovered embryos (Fig. 8A, white arrowheads) . In contrast, VP16-RARa, a constitutively active form of RARa, could not recover defective expression of these markers in XPteg-depleted embryos (Fig. 8B, black arrowheads) . Therefore, these results suggest that XPteg functions downstream of RARa signaling during Xenopus pronephric tubule development.
Discussion
A variety of nephrogenic genes have been shown to be expressed in the pronephric regions in a temporally-and spatially-controlled manner. Nevertheless, the molecular mechanisms of pronephros-inducing signaling involved in the specification and differentiation of pronephric mesoderm remain unclear. In this study, we have identified and characterized a novel MAP17-like gene, XPteg. XPteg expression was observed at the earliest stages of embryonic kidney specification in pronephric territories during the serial developmental processes that characterize pronephros development. Knockdown of XPteg inhibited the expression of pronephric tubulespecific genes, interfering with the normal development of pronephros. Conversely, XPteg was also able to induce the pronephric mesoderm. As a direct target of RA signaling, XPteg also affects the expression of Lim1 and Pax8. Therefore, our study has identified one of the early genes critical for pronephric mesoderm specification.
While human MAP17 is most homologous to XPteg, they share only 32% amino acid identity with each other. Nevertheless, the PDZ-binding motifs (STAM and STPM) located at their C-termini can be included in the same class that is categorized by analysis of the PDZ-binding motifs in drug transporters (Campo et or ÀxSxL/V in which the residues at positions 0 and 2 from the C-terminus are critical for the specificity of these motifs. Even the Xenopus tropicalis homologue (Accession No. AL675702) of XPteg from the EST database shows only 80% identity to XPteg but contains a PDZ-binding motif, TTAM at its C-terminus which is classified into the same group as that of MAP17 and XPteg (Fig. S1B) . Thus, given the functional significance of the PDZ-binding motif of XPteg and MAP17 (Fig. 5 in this work and Kato et al., 2006) , it is tempting to speculate that despite low homology in overall sequences, MAP17 and XPteg may comprise a protein family with similar functions mediated by the PDZ-binding motifs. In line with this, MAP17 and XPteg are implicated in kidney development, being similarly localized to the pronephric proximal tubules (this work and Kocher et al., 1995; Pribanic et al., 2003) . The PDZ-binding motifs of the above class appear to be apical localization signals that orchestrate plasma membrane retention and endocytic sorting (Campo et al., 2005; Kato et al., 2006; Russel et al., 2002) . MAP17, a membrane protein interacts with NHERF3 (PDZK1) or NHERF2 (PDZK2) to induce internalization of NaPiIIa which is a transporter responsible for renal Pi absorption to trans-Golgi network (Lanaspa et al., 2007) . Secondary structure prediction using online servers such as SAPS and PredictProtein-PHD revealed that XPteg has two transmembrane helices. Moreover, signal peptide prediction using neural networks (NN) and hidden Markov models (HMM) provided by SignalP 3.0 Server (Emanuelsson et al., 2007) reveal a signal peptide in the N-terminal 19 amino acids (Fig. S1A, pale blue box) .
Therefore, XPteg might function as a membrane protein to control the asymmetric localization of some regulators containing PDZ domains for pronephric development.
RA signaling is known to be important for nephrogenesis. Mutant mice lacking RARa1, RAR a2, and RARb2 exhibited a number of defects in nephron and ureteric bud branches (Lelievre-Pegorier et al., 1998) and abnormal pro-and mesonephros specification was observed in a RA-synthesizing enzyme-mutant (Raldh À/À ) mouse model (Cartry et al., 2006) . RARa and XRaldh, an RA-synthesizing enzyme was expressed in the prospective intermediate mesoderm where XPteg resided at late gastrula of Xenopus embryos (Cartry et al., 2006) . Interference with RA signaling during Xenopus early embryogenesis demonstrated that it is essential for pronephros specification during gastrulation and for tubule morphogenesis after gastrulation (Cartry et al., 2006) . RA signaling plays pivotal roles in development and homeostasis through transcriptional regulation of targets involved in cell differentiation, proliferation, and apoptosis (Altucci and Gronemeyer, 2001; Ross et al., 2000) . Lim1 and Pax8 which are critical for pronephros development depend on RA signaling for their expression. XPteg was also induced directly by retinoic acid as shown in Fig. 7 . In addition, treatment with Citral (3, 7-dimethy-2, 6-octadienal, 10 lM), an inhibitor of RA synthesis from retinol (Schuh et al., 1993; Sharpe and Goldstone, 2000) , completely diminished the expression of XPteg (data not shown). Retinoid-activated receptors bind their DNA response elements to recruit transcription machinery and induce chromatin decompaction to activate their targets. Activated RARs bind their consensus DNA binding elements, a direct repeat of the motif 5 0 -PuG (G/T) TCA spaced 1, 2, or 5 base pairs (Bastien and Rochette-Egly, 2004) . Although these complete motifs were not found in the XPteg 3 0 or 5 0 UTR regions, a single hexameric motif (AGGTTCA, AGGTCA, or AGTTCA) does exist, indicating the presence of the consensus motif in the promoter of XPteg. XPteg-induced ectopic pronephric tubules were observed only in the pronephric field of embryos, suggesting that additional nephrogenic factors act in conjunction with XPteg for induction and maintenance of pronephric fates or restriction of pronephric fate specification to the pronephric fields. In light of this, other RA signaling-responsive factors probably might work with XPteg to guide a subset of undetermined mesoderm into pronephric mesodermal fates. An analysis of DNA microarray identified genes that are up-or down-regulated in response to RAR signaling (Arima et al., 2005) . They include XId2, midkine (MK), N-myc downstream-regulated gene 1 (NDGR1), and XER81. XId2, a member of the Inhibitor of differentiation/DNA binding (Id) class of helix-loop-helix protein, is expressed in the pronephric anlage, lateral plate mesoderm, pronephric tubule, and pronephric duct during nephrogenesis (Liu and Harland, 2003; Wilson and Mohun, 1995) . Although XId4 has not been reported as a RAR-responsive gene, it is Fig. 7 -XPteg is induced directly by RA signaling. XPteg and Lim1 are induced by retinoic acid even in the presence of cycloheximide (CHX), a protein synthesis inhibitor. Whole embryos, which were treated with DMSO, ethanol, retinoic acid (10 lM) and/or CHX (10 lg/ml) for 2 h from stage 12.5, were in situ hybridized against XPteg or Lim1 at the indicated stages. In the case of RA + CHX (E, E 0 , J, J 0 and J 00 ), embryos were treated with CHX for 30 min prior to co-treatment of RA and CHX. DMSO and EtOH serve as negative controls for RA and CHX, respectively. White arrowheads in C 0 , E 0 and red dots in H 00 , J 00 denote enlarged ectopic pronephric tubules.
also weakly expressed in the developing kidney (Liu and Harland, 2003) . MK, a RA-inducible molecule is considered to play important roles in fetal nervous system development and neurogenesis, as is Xenopus MK (XMK). However, XMK has been not reported to be a pronephric gene (Arima et al., 2005; Michikawa et al., 1993; Sekiguchi et al., 1995) . Overexpression of XNDRG1 led to deformed embryos, which might be due to morphological and/or proliferative defects in pronephric and somatic development. Depletion of XNDRG1 also resulted in malformation of the pronephric tubules and ducts (Kyuno et al., 2003) . XER81, a member of the Ets-transcription factor family, is known to be a transcriptional target of FGF signaling (Chen et al., 1999; Munchberg and Steinbeisser, 1999) . XER81 was expressed in the marginal zone in the gastrula, pronephric anlage, and pronephric duct after onset of pronephric cellular differentiation. It has been shown that pronephric mesoderm becomes competent by receiving inducing signals from the organizer during the regional specification of the mesoderm (Dale and Slack, 1987) . Actually, an organizer transplantation assay showed that FGFR signaling is required for the organizer to induce the formation of somatic muscle and pronephros by modulating expression of chordin (Mitchell et al., 2007; Mitchell and Sheets, 2001 ). Possibly, the crosstalk between RAR and FGF signaling might be required for the fine specification of pronephric mesoderm from undifferentiated mesoderm. For this crosstalk, XER81 might function as an integration node for RAR and FGF signaling.
In conclusion, we have demonstrated that XPteg plays critical roles in pronephros development. It functions as one of the early genes induced by RA signaling to regulate important genes such as Lim1 and Pax8 involved in pronephric meso- derm formation. Further studies are warranted to investigate the molecular mechanisms by which XPteg, a membrane protein could control gene expression and its actions would be confined to pronephric proximal tubules.
4.
Materials and methods
Embryos, RNA synthesis and morpholinos
In vitro fertilization and embryo culture were performed as described in. Developmental stages of embryos were determined according to Nieuwkoop and Faber's normal table of development (Nieuwkoop and Faber, 1994) . Capped synthetic mRNAs were synthesized using mMESSAGE mMACHINE RNA synthesis kit (Ambion). cDNA encoding the open reading frame of XPteg was subcloned into BamHI/ClaI of pCS2 + vector. pCS2-XPteg was linearized with NotI and transcribed with SP6 RNA polymerase for sense RNA synthesis. pCDG-VP16-RARa and pCDG-dnRAR were linearized with NotI and transcribed with T7 (Blumberg et al., 1997) . Anti-sense morpholino oligos were purchased from Gene Tools. XPteg MO had the following sequence: 5 0 -GCAGGGAGAACATAGTTGCAAA GAG-3 0 . Co MO was a standard morpholino oligo from Gene Tools whose sequence is 5 0 -CCTCTTACCTCAGTTAC AATTTA TA-3 0 .
Isolation of XPteg
Xenopus stage 42 cDNA library constructed in the Lambda ZAPII bacteriophage vector was screened with a cDNA fragment from the ordered differential display PCR (ODD-PCR) (Matz et al., 1997) . Two positive clones were obtained and subjected to in vivo excision procedures according to the manufacturer's instruction (Stratagene). They are approximately 1.4 kb and 1.9 kb in size and their sequences have been deposited in GenBank database (Accession Nos. AY216665 and AY216664).
4.3.
In situ hybridization
Embryos were fixed in MEMFA (0.1 M MOPS (pH 7.4), 2 mM EGTA, 1 mM MgSO 4 , 4% formaldehyde) for 2 h at room temperature and stored in 100% methanol at À20°C. Whole mount in situ hybridization using digoxigenin-labeled riboprobes was carried out according to the procedures as described in (Harland, 1991) . Hybridization was detected using alkaline phosphatase (AP)-conjugated anti-digoxigenin antibody and BM purple AP substrate (Boehringer-Mannheim). For section in situ hybridization, fixed embryos were embedded in paraffin and sectioned at thickness of 8-15 lm. An anti-sense probe for XPteg was generated using T7 RNA polymerase (Ambion) on SacI or XbaI linearized pBluescript II SK (+)-XPteg. Pax2 anti-sense probe was transcribed with T3 RNA polymerase on the EcoRI-linearized plasmid (Heller and Brandli, 1997) . For SMP30 probe, a SMP30 partial cDNA fragments were obtained using RT-PCR primers, subcloned into T-easy vector (Promega), and then linearized with NcoI and transcribed with SP6 RNA polymerase (Promega). For Lim1 anti-sense probe, a Lim1 partial cDNA was isolated using RT-PCR, subcloned into T-easy Vector, and then linearized by SpeI and polymerized by T7 RNA polymerase. Nephrin (Gerth et al., 2005) was cut with Sma1 and transcribed with T7. Partial cDNA of Gremlin and Pax8 were subcloned into T-easy vector and linearized by XhoI and SpeI, respectively, and then transcribed by SP6 and T7 RNA polymerases, respectively. No positive staining was seen in the sense control.
Histology and lineage tracing
For vibratome section, stained embryos were rehydrated in PBS, embedded in 6% agarose, type VII-A (cat. A0701-100G), and then sectioned at 80 lm by VIBRATOME 1000 plus. Hematoxylin and Eosin staining of microtome-dissected embryos were performed as previously described. For lineage tracing, nuclear b-galactosidase (nuc b-gal) RNA was injected along with RNAs and MO and b-galactosidase activity was visualized with the Red-Gal substrate.
4.5.
In vitro induction of pronephros
Ectodermal explants dissected at stage 9 were cultured for 3 h in Steinberg's solution containing human recombinant activin A (10 ng/ml, kind gift from Dr. Asashima), all-trans retinoic acid (10 À4 M, Sigma), BSA (0.1%) and kanamycin (100 mg/ L) (Moriya et al., 1993) . After washes with Steinberg's solution, the explants were cultured for 3 days at 20°C in the same solution.
RT-PCR
RT-PCR analysis was performed as previously described. PCR products were analyzed on 2% agarose gels with ethidium bromide. The numbers of PCR cycles for each primer set were determined empirically to maintain amplification in the linear range. Primer pairs used in this study are as follows. (Bouwmeester et al., 1996) .
Western blot analysis
For western blotting, whole embryos were homogenized in Triton X-100 RIPA buffer. Lysates were heated at 56°C for 10 min to separate membrane proteins efficiently. After separation of equal amounts of proteins on 15% SDS-PAGE, western blotting was performed according to a standard protocol with rabbit polyclonal anti-Myc (1:1000, Santa Cruz) and anti-actin (1:1000, Santa Cruz) antibodies.
